Ovarian cancers are known to evade immunosurveillance and to orchestrate a suppressive immune microenvironment. Here we examine the role of human epididymis protein 4 (HE4), an ovarian cancer biomarker, in immune evasion. Through modified subtractive hybridization analyses we have characterized the gene targets of HE4 in human peripheral blood mononuclear cells (PBMCs), and established a preliminary mechanism for HE4-mediated immune failure in ovarian tumours. Upon exposure of purified PMBCs to HE4, osteopontin (OPN) and dual-specificity phosphatase 6 (DUSP6) emerged as the most suppressed and up-regulated genes, respectively. SKOV3 and OVCAR8, human ovarian carcinoma cell lines, exhibited enhanced proliferation in conditioned media from HE4-exposed PBMCs, an effect that was attenuated by the addition of recombinant OPN or OPN-inducible cytokines [interleukin (IL)-12 and interferon (IFN)-. Additionally, upon co-culture with PBMCs, HE4-silenced SKOV3 cells were found to be more susceptible to cytotoxic cell death. The relationship between HE4 and OPN was reinforced further through the analysis of serous ovarian cancer patient samples. In these biopsy specimens, the number of OPN + T cells correlated positively with progression free survival (PFS) and inversely with serum HE4 level. Taken together, these findings show that HE4 enhances ovarian cancer tumorigenesis by compromising OPN-mediated T cell activation.
Introduction
Human epididymis protein 4 (HE4) is a family member of the whey acidic proteins (WAPs), which share a fourdisulphide core domain and are generally regarded as protease inhibitors [1] [2] [3] . HE4 was first identified in the male reproductive tract but has since been found in select other tissues, such as the kidney, female reproductive tract, breast and lungs [4, 5] . In addition, it is highly overexpressed in several human malignancies, including ovarian and endometrial cancers [5] [6] [7] [8] . HE4's exact role in normal and malignant tissue is still unclear; however, as a negative prognostic factor in women with epithelial ovarian cancer, its serum levels correlate with chemoresistance and reduced overall survival [9] [10] [11] . Our previous work with HE4 has led to the development of a United States Food and Drug Administration (US FDA)-approved biomarker tool for the evaluation of pelvic masses, named the 'risk of ovarian malignancy algorithm' or ROMA [12] [13] [14] [15] . The ROMA score incorporates HE4, cancer antigen 125 (CA-125) and menopausal status into a calculation to estimate ovarian cancer risk. As a biomarker, HE4 detection and monitoring is already improving patient care, yet it is imperative that we learn more about its function in order to better understand ovarian tumorigenesis and ultimately develop effective therapies for this highly fatal cancer.
Through this present study, we have begun to elucidate HE4's role in tumour immune suppression. We have identified differentially expressed genes in peripheral blood mononuclear cells (PBMCs) after exposure to HE4 using a modified subtractive hybridization method. This strategy identified osteopontin (OPN) as one of the most prominently suppressed targets in PBMCs following HE4 treatment. OPN is a secretory glycosylated phosphoprotein encoded by the gene SPP1. OPN contains an arginine-glycine-aspartate (RGD) sequence that, via interactions with integrin family members or CD44, triggers downstream signalling events and relays early cell-mediated immune responses [16] [17] [18] . We have observed that HE4-induced OPN suppression diminishes the cytotoxicity of PBMCs against cultured human ovarian cancer cells in vitro. Further, the expression levels of OPN in stromal infiltrating T cells in biopsy samples from serous ovarian cancer patients show a direct association with patient progression-free survival (PFS). Taken together, our data here demonstrate that HE4 can inhibit the anti-tumoral immune function of PBMCs, most prominently T cells, via suppression of OPN production.
Materials and methods

Subtractive hybridization and thymine and adenine (TA) cloning
Primary human PBMCs were obtained from a single healthy volunteer donor under Institutional Review Board (IRB) approval from the Women and Infants Hospital. Approximately 5 × 10 7 PBMCs were isolated from 40 ml of heparinized total blood, resuspended in 5 ml of serumfree RPMI-1640 medium (no. 31800022; Invitrogen, Carlsbad, CA, USA) and incubated with 0·01 g/ml, approximately 270 pm, of rHE4 (MBS717359; MyBiosource, San Diego, CA, USA) or diluent control for 6 h. Total RNA was isolated using TRIzol reagent (Invitrogen). HE4 was found to have dose-dependent actions on PBMCs (Supporting information, Fig. S1a,b) , so we chose a physiologically relevant concentration of 270 pm, which correlates with ovarian cancer patient serum HE4 levels [19] ; 300 g of total RNA was isolated and then stored at -80°C. Blood collection and HE4 exposure was repeated every 7+ days until a total of 1 mg RNA was collected from each treatment group. Approximately 10 g of mRNA was purified from the total RNA using oligo-dT-coated magnetic beads (TakaraClontech, Mountain View, CA, USA). Five g mRNA was used to construct subtractive cDNA libraries using the polymerase chain reaction (PCR)-Select TM cDNA Subtraction Kit (Takara-Clontech), following the manufacturer's instructions. Briefly, the tester and driver cDNAs were synthesized from poly A + RNA generated from control and HE4-treated PBMCs. The tester and driver cDNAs were digested with restriction enzyme, Rsa I, to yield shorter, blunt-ended molecules. The tester cDNA was then subdivided into two portions, and each was ligated to a different cDNA adaptor. The ends of the adaptors do not contain phosphate groups, so only one strand of each adaptor attaches to the 5 end of the cDNA. The two adaptors have stretches of identical sequence to allow annealing of the PCR primer once the recessed ends have been filled in. The differentially expressed genes were identified through two steps of hybridization and PCR. The detailed procedure is described in Supporting information, Fig. S2a . The PCR products of the differentially expressed genes were cloned into a pUC19-TA vector, selected by blue/white selection, amplified by colony PCR using M13 primers (Supporting information, Table S2 ), and subjected to direct sequencing for PCR products in the range of 200-3000 base pairs (Supporting information, Fig. S2b ).
Cell culture
The human ovarian tumour cell lines, SKOV3 and OVCAR8, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). RPMI-1640 (no. 31800022; Invitrogen) and Dulbecco's modified Eagle's medium (DMEM) supplemented with 1·0 mM sodium pyruvate (no. 31600034; Invitrogen) were used for culturing PBMC and tumour cells, respectively. Conditioned media were obtained from a 24-h PBMC exposure to 0·01 g/ml (270 pm) of rHE4 versus control. Residual rHE4 in the conditioned media was depleted as follows: 5 ml of media was incubated with 10 g (100 l) of anti-human HE4 antibody (sc-293473; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at 4°C, 100  packed volume of protein G-coated sepharose beads (GE Healthcare Life Science, Pittsburgh, PA, USA) were added and incubated for an additional 4 h. After incubation, the sepharose beads were removed by centrifugation and the supernatant was processed through a sterile 0·2 m pore syringe filter. The depletion of HE4 from the conditioned media was confirmed by enzyme-linked immunosorbent assay (ELISA) (Supporting information, Table S3 ). For the cell-mediated cytotoxicity assay, 2 × 10 5 target cells (scrambled control plasmid or shHE4 transfected SKOV3) were seeded in six-well plates and incubated overnight with complete media. The next day, cells were placed in serum-free media for another overnight incubation to induce quiescence before 1 × 10 7 PBMCs, mixed with propidium iodide (Invitrogen), were added to each well. Some of the wells contained 5 pg/ml of recombinant IL-12 (rIL-12) (219-IL-005; R&D Systems, Minneapolis, MN, USA), 20 pg/ml of recombinant IFN (rIFN)- (SRP3058; Sigma-Aldrich, St Louis, MO, USA) or 0·05 g/ml of rHE4 (ab132299; Abcam, Cambridge, UK) in combination, as indicated in Fig. 4 (lower panel) . In order to avoid confounding additives from serum, all experiments were performed under serum-free conditions. The ovarian cancer cell lines appeared viable and morphologically unchanged for up to 72 h in serum-deprived DMEM. Short hairpin RNA (shRNA) for human HE4 (TR318721; Origene, Minneapolis, MN, USA) was transfected into SKOV3 using lipofectamine 2000 TM (Invitrogen), following the manufacturer's instructions. Also, where indicated cells were treated with 20 pg/ml of recombinant OPN (ab92964; Abcam) or 0·01 g/ml rHE4.
Quantitative real-time PCR (qRT-PCR)
RNA was isolated from the PBMCs of healthy donors using TRIzol (Invitrogen), according to the manufacturer's instructions. cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen). qPCR was performed using Premix Ex-Taq TM II (Clontech-Takara, Mountain View, CA, USA) probes for OPN, IL-12β and IFN-. All reactions were normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control. Amplification data were analysed using the  Ct method. Sequences of PCR primers are summarized in Supporting information, Table S2 .
Flow cytometry
Fluorescein isothiocyanate (FITC)-labelled anti-CD3 (HIT3a), CD14 (M5E2), CD19 (HIB19) and CD56 (B159) antibodies were obtained from BD Biosciences (Billerica, MA, USA). Alexa Fluor ® 647-labelled anti OPN antibody (EPR3688) was obtained from Abcam. After staining for cell surface markers (CD3, CD14, CD19 and CD56) the cell membrane was permeabilized by 0·2% Triton X-100 and 0·2% digitonin, and then stained for OPN. Flow cytometric analysis was performed with the fluorescence activated cell sorter (FACS)Canto system, utilizing FACSDiva software (BD Biosciences).
ELISA
ELISA kits for OPN, IL-12αβ, IFN- and HE4 were obtained from R&D Systems. The assays were performed following the manufacturer's instructions.
Viability and migration assays
SKOV3 cells, 1 × 10 3 per well, were seeded in a 96-well culture plate. After overnight incubation with serum-free medium, conditioned media was added to the quiescent cells. Cell viability was assessed at 24, 48 and 72 h using CellTiter-Blue ® (Promega, Madison, WI, USA). Cell migration was assessed using the InnoCyte TM Cell Migration Assay (EMD Millipore, Taunton, MA, USA). In short, 5 × 10 4 SKOV3 cells were seeded in the upper chamber of a 96-well plate, with the lower chamber containing the PBMC-conditioned media. Transmigration was determined after incubating the cells for 24 h in a CO 2 incubator at 37°C.
Immunohistochemistry
SKOV3 cells, 0·5 × 10 4 per chamber, were seeded in a four-chamber slide. After overnight incubation with serumfree medium, conditioned media was added to the quiescent cells for an additional 48 h. The cells were then fixed and permeabilized with 2% formaldehyde and 0·2% Triton X-100 and stained with a mouse monoclonal antiKi67 antibody (clone B56; PD Pharmingen, Franklin Lakes, NJ, USA) overnight at 4°C in a humidified chamber. The slides were then incubated with an alkaline phosphatase (ALP)-conjugated anti-mouse immunoglobulin (Ig)G (H + L) secondary antibody (Bio-Rad, Hercules, CA, USA) for 30 min at room temperature. Bound antibody was detected using the ALP substrate kit (Vector Laboratories, Burlingame, CA, USA) and counterstained lightly with veronal acetate-buffered 1% methyl green solution, pH 4.0 (Vector Laboratories). Permount TM (Fisher Scientific, Ottawa, Ontario, Canada) was used as the mounting media and sections were coverslipped. Immunohistochemical studies were repeated four times on samples prepared from different cultures. The proportion of Ki67-positive cells was calculated according to the following formula: 100 × (Ki67-positive nuclei/total nuclei). Each image was analysed at least four times to obtain an average labelling index.
Western blotting
HE4 shRNA transfected SKOV3 cells were lysed and Western blot was performed as described previously [20] . Anti-HE4 antibody was obtained from Origene (TA326648) and anti-actin antibody (clone 2G2; EMD Millipore) was used for detection of the internal loading control. The results were visualized with SuperSignal™ substrate (ThermoFisher Scientific) and analysed with the UN-SCAN-IT gel software for Windows (version 6.1; Silk Scientific, Inc., Orem, UT, USA).
Confocal immunofluorescent microscopy
Formalin-fixed, paraffin-embedded tissue sections were cut to a thickness of 4 m. For heat-induced epitope retrieval, deparaffinized sections in 0·01 M citrate buffer were treated three times at 90°C for 5 min using a microwave oven. After blocking with 10% normal horse serum, sections were incubated with rabbit anti-OPN antibody (FL-314; Santa Cruz Biotechnology) or mouse anti-CD3 (PS-1; Abcam) overnight at 4°C. They were then washed with PBS and incubated with DyLight 488 goat anti-rabbit IgG (DL1488; Vector Laboratories) or DyLight 594 horse antimouse IgG (DL2594; Vector Laboratories) secondary antibodies for 1 h at room temperature in the dark. Slides were washed again with PBS and coverslipped with DAPIcontaining mounting medium (Vector Laboratories). Confocal images were acquired with a Nikon C1si confocal (Nikon Inc., Mellville, NY, USA) using diode lasers 402, 488 and 561. Ten fields/sample were selected randomly based on DAPI staining and counts were performed for CD3 and OPN using a ×40 objective. Counts are expressed as the number of positive cells/mm 2 .
All human tissue and blood donors provided written informed consent. The study was approved by the Women and Infants Hospital ethics committee.
Statistics
Data were expressed as an average ± standard error of the mean (s.e.m.) of at least three independent experiments. An unpaired, two-tailed Student's t-test was used to determine significance. Multiple treatments were analysed by using one-way analysis of variance (anova) followed by Ryan's multiple comparison test. Spearman's rank correlation test was used to assess the immunofluorescent staining on biopsy specimens. Differences between groups were considered statistically significant when P < 0·05.
Results
Differential gene expression in PBMCs after HE4 exposure
To identify HE4's impact on gene expression in PBMCs, modified subtractive hybridization was performed as depicted in Supporting information, Fig. S2a . PCR products of the differentially expressed genes were cloned into pUC19-TA vectors to create a differential cDNA library (Supporting information, Fig. S2b ). PCR products from HE4-induced and suppressed gene colonies were sequenced, resulting ultimately in the identification of 211 up-regulated and 208 down-regulated genes. Among the identified genes, 23 induced and 15 suppressed sequences showed no significant similarity (NSS) to known genes in available nucleotide databases. The differentially expressed genes were classified by their function as summarized in Supporting information, Table S1. Among the 208 suppressed genes, OPN emerged as the most frequently identified gene (six times out of 253 sequences, 2·4%; Table 1 ).
HE4 reduces OPN expression in PBMCs
HE4-induced suppression of osteopontin in PBMCs was then confirmed via three modalities: flow cytometry, qPCR and ELISA. PBMCs from four individual human donors were used. First, cells were cultured with recombinant human HE4 for 24 h and collected for flow cytometry analysis. Intracellular protein expression of OPN was found to be reduced significantly upon HE4 exposure in T cells (48·8 ± 1·0% versus 37·4 ± 1·9%, Fig. 1a ), but not in monocytes, B cells or NK cells (Supporting information, Fig. S3a,b ). Osteopontin gene expression was then determined using qPCR, which showed a 0·7-fold downregulation (Fig. 1b) upon HE4 exposure. ELISA was used to quantify OPN protein concentration in cell lysate and culture supernatant in the presence of HE4. We determined that the concentration of OPN in cell lysate (159·8 ± 3·1 versus 103·6 ± 3·2 pg/ ml) and culture supernatant (53·4 ± 3·1 versus 30·1 ± 3·5 pg/ml) were both decreased significantly by HE4 treatment (Fig. 1b,c) .
HE4-mediates the down-regulation of IL-12 and IFN-γ production, a process that is reversible with OPN supplementation
In lipopolysaccharide-stimulated macrophages, OPN has been shown to enhance IL-12 and suppress IL-10 production, thereby promoting an overall increase in T helper type 1 (Th1)activity [17, 18] . In order to determine the impact of HE4-mediated OPN reduction on Th1 cytokines in PBMCs, IFN- and IL-12 were evaluated at both the transcriptional and protein levels. Cells were incubated with either: (a) vehicle control, (b) rHE4 or (c) rHE4 and rOPN for 6 h and cell lysates and/or culture supernatants were taken for qPCR and ELISA. As shown in Fig. 2a , the relative expression of IL-12β and IFN- mRNA was decreased (61 and 69%, respectively) upon treatment with rhHE4. This suppression was reversed partially by the addition of recombinant OPN (rOPN) to culture conditions. Protein expression, as determined by ELISA, is shown in Fig. 2b . IL-12 concentration was reduced after HE4 exposure in both cell lysate and culture supernatant (4·8 ± 0·2 to 2·1 ± 0·1 pg/ml in lysate and 7·2 ± 0·3 to 3·6 ± 0·2 pg/ml in supernatant), while the addition of rOPN resulted in a near complete reversal of HE4-mediated IL-12 suppression. Similarly, IFN- concentration in cell lysate and supernatant decreased significantly with HE4 (from 35·6 ± 1·0 to 14·4 ± 0·1 pg/ml and from 19·9 ± 0·8 to 11·1 ± 0·6 pg/ml, respectively), and the addition of rOPN again caused recovery of the cytokine levels. As further validation that OPN is the major mediator of HE4-induced Th1 suppression, treatment of PBMCs with an OPN neutralizing antibody mimicked closely the effect of HE4 on the production of both cytokines (Supporting information, Fig. S4a,b) .
Conditioned media from HE4-treated PBMCs enhance the viability, proliferation and invasiveness of ovarian cancer cells
In order to assess the effects of PBMC-produced soluble factors on cancer cell activity, two human ovarian cancer cell lines (SKOV3 and OVCAR8) were incubated with the conditioned media from PBMC cultures (2 × 10 6 per ml) with rHE4 or vector control. After removal of PBMCs, HE4 was depleted from the media of both culture conditions via immunoprecipitation (Supporting information, Fig. S3 ). Tumour cells were cultured with HE4-treated PBMC media showed significantly higher viability at 48 and 72 h (Fig. 3a) . Next, a cell migration assay was employed to determine whether conditioned media from rHE4-exposed PBMCs affects ovarian cancer migration as a surrogate of metastatic capability. The tumour cells that were incubated with HE4-exposed PBMC media showed more extensive migration than that of control (relative fluorescence units of 1147·2 ± 365·1 versus 3138·1 ± 419·6 for SKOV3 and 1110·1 ± 46·9 versus 4242·2 ± 126·6 for OVCAR8, Fig.  3b ). Histocytochemistry using and anti-Ki67 antibody was performed to evaluate the proliferation of the tumour cells in the presence of rHE4-exposed PBMC media or vehicle-exposed conditioned media. The proliferation rate of tumour cells in HE4-exposed PBMC conditioned media was higher than control media (63·8 ± 18·1 versus 39·9 ± 7·6% for SKOV3 and 62·2 ± 4·5 versus 33·1 ± 3·1 for OVCAR8, Fig. 3c ). These findings suggest that PBMCs alter their soluble factor release under the influence of rHE4, thus enhancing the viability, proliferation and migration capabilities of the cultured ovarian cancer cells.
HE4 protects cancer cells from PBMC-mediated cytotoxicity
In order to evaluate the impact of native (tumour-cell produced) HE4 on PBMCs, SKOV3 cells were stably transfected with HE4 specific shRNA (shHE4) or scrambled oligonucleotide control plasmid (SO) and then co-cultured with PBMCs. Clones of shRNA transfected cells were tested for their phenotype by Western blotting and ELISA (Supporting information, Fig. S5 ). After a 2-h incubation at 37°C, the effector cells were washed away and the target cells were analysed by flow cytometry. The silencing of HE4 in SKOV3/PBMC co-cultures led to a significant increase in IL-12 and IFN- concentrations ( Table 2) . As shown in Fig. 4 , HE4 silencing also increased tumour cell susceptibility to PBMC cytotoxicity, an effect that was reversed by the addition of rHE4. Furthermore, this 'rescue' by rHE4 was abrogated at least partially by the addition of rIL-12 or rIFN- to the culture conditions. These findings suggest that native HE4 production by ovarian cancer cells is critical to cell-mediated cytotoxicity resistance.
Ovarian cancer patient prognosis correlates with the number of intra-and peri-tumoral CD3 + T cells and stromal OPN-producing cells
Twenty biopsies from high-grade serous ovarian cancer patients were evaluated by dual fluorescent stain with antibodies against CD3 and OPN (Table 3) . Some CD3 -tumour cells showed high OPN expression in the tumour segments of the biopsy specimen, while in the stromal area of the biopsy the principal OPN + cells were CD3 + T cells (Fig. 5a) . A significant portion of stromal CD3 + cells possessed strong OPN staining in their cytosols (Fig.  5b) . In order to investigate the clinical relationship of HE4, OPN and CD3, numbers of T cells (CD3 + ) and total OPN + cells were correlated with preoperative serum HE4 level (available for 13 patients) or PFS duration (available for 16 patients). The numbers of CD3 + infiltrating T cells, both in the tumour and stroma, were directly proportional (tumour, r = 0·541; stroma, r = 0·512) to PFS duration (Fig. 5c) . Additionally, the number of OPN + cells in the tumour and stroma were inversely proportional (tumour; r = -0·635, stroma; r = -0·582) to serum levels of HE4. Moreover, the number of OPN + cells in the stroma (but not in the tumour) were directly proportional to the patients' PFS duration (r = 0·711, Fig. 5d ). These findings suggest that tissue-infiltrating, OPN-expressing T cells play a critical role in the suppression of ovarian cancer progression. The mean is shown; error bars represent standard error of the mean (s.e.m.) (n = 10). *P < 0·05; **P < 0·01. The mean is shown; error bars represent standard error of the mean (s.e.m.) (n > 10). *P < 0·01; **P < 0·05.
Discussion
HE4 is known to be over-expressed highly in ovarian cancer, but its causal relationship to ovarian cancer pathogenesis has not been established firmly. Emerging studies suggest that HE4 over-expression promotes ovarian tumour growth and imparts strong resistance against the most commonly used therapeutics [20] [21] [22] [23] [24] . Interestingly, ovarian cancer patients who experienced greater HE4 reduction during neoadjuvant chemotherapy exhibit improved overall survival [24] . Our study has shown a novel role for HE4 as a suppressive immunomodulator that acts through OPN inhibition. We have identified the gene for OPN, SPP1, as the most prominently suppressed gene in PBMCs upon HE4 exposure in vitro. Additionally, HE4 was found to down-regulate OPN production at the transcriptional and protein levels utilizing qPCR and ELISA. As PBMCs are a heterogeneous group of leucocytes, flow cytometric analysis was performed to determine which specific cell type was most impacted by HE4 exposure. We performed staining to differentiate between the four most common players in the PBMC layer: T cells, B cells, NK cells and monocytes. It was determined that T cells (CD3 + ) experienced a significant reduction in intracellular OPN staining after HE4 expression, while the other cell types showed minimal to no reduction. Although this reduction was relatively modest in comparison to our qPCR and ELISA studies we know that OPN is a heavily secreted cytokine, therefore intracellular staining is likely to under-represent the true difference in protein expression. To emphasize further the importance of HE4-mediated OPN suppression in lymphocytes, we found that HE4 exposure resulted in a pronounced reduction in Th1 cytokines IL-12 and IFN- production by PBMCs, an effect that was reversed partially by the addition of OPN to the culture conditions. It is important to note that, for technical reasons, our subtractive hybridization protocol was performed on the PBMCs of a single donor, and all our in-vivo studies were performed with leucocytes that were isolated from the blood of healthy donors. It is unclear if normal donor leucocytes are a good surrogate for those of cancer patients that have probably been heavily pre-exposed to HE4, and a host of other suppressive cytokines. Therefore, we will need to validate these studies further with blood and tissue isolated from ovarian cancer patients. OPN has historically been considered a pro-tumorigenic protein. In various types of cancers, serum OPN levels show a direct correlation to tumour burden and an inverse association with patient survival [25] [26] [27] . OPN has been suggested to play a critical role in tumour formation and growth by promoting cancer cell survival, proliferation, metastasis and angiogenesis [28, 29] . However, other studies have described contrasting antitumour effects of OPN [30] [31] [32] [33] . Among these, Crawford et al. used an elegantly designed cancer cell inoculation experiment in OPN null mice to demonstrate that hostderived OPN can act as a chemoattractant to enhance the host defence activity of macrophages, whereas tumourderived OPN inhibits macrophage function, thus promoting tumour escape [30] . Building on the theory that OPN possesses dichotomic properties depending on its physical location in relation to the tumour, we have observed that the number of OPN + cells in the stroma --534·15 ± 41·81  SC  +  14·84 ± 0·48  177·20 ± 1·07  639·01 ± 50·38  shHE4 ---174·12 ± 18·55* shHE4 + 31·95 ± 0·68** 417·74 ± 3·54** 237·91 ± 34·24** SC = SKOV3 with scrambled oligo; shHE4 = SKOV3 with HE4 shRNA. Mean ± standard error is shown (n = 10). *P < 0·01 versus subcutaneous (s.c.), **P < 0·01 versus s.c. + effector cells. (mainly CD3 + T cells), but not in the tumour (mainly CD3 -tumour cells), correlate inversely with patient PFS durations.
To our knowledge, this is the first study to suggest a role for HE4 in ovarian cancer immune escape. We recognize that OPN is known to play a role in humoral immunity [34] [35] [36] , which we did not investigate fully here. As we have shown in Table 1 and the Supporting  information, Table S1 , a variety of genes are modulated in response to HE4 exposure. It is therefore very likely that there are factors other than osteopontin which are also contributing to the inhibitory effect of HE4 on the immune system. Further analysis of the functions of these genes and how they are associated with HE4 is warranted. While we acknowledge the limitations of our study, this work provides the rationale for continued research into the roles of HE4 and osteopontin in ovarian cancer. Upon future validation, we anticipate that the inhibition of HE4 
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Additional supporting information may be found in the online version of this article at the publisher's web site: Fig. S1 . Human epididymis protein 4 (HE4) reduces peripheral blood mononuclear cell (PBMC) expression of cytokines IL-12 and IFN-ɣ, a process that is reversed by osteopontin (OPN) supplementation. PBMCs from four individual donors were incubated for 6 h in serum-free media with increasing concentrations of recombinant HE4 (rHE4) ranging from 0 to 0·05 μg/ml in the absence (a) or presence (b) of recombinant OPN (rOPN) ranging from 0 to 100 pg/ml. After the incubation, transcriptional levels of interleukin (IL)-12β (p40) and interferon (IFN)-γ were evaluated by real-time polymerase chain reaction (PCR). A bar graph represents relative expression levels against control. The mean is shown; error bars represent standard error of the mean (s.e.m.). *P < 0·05; **P < 0·05 versus 0·01 mg/ml HE4 or 20 pg/ml OPN. Table S1 . Frequency and categories of differentially expressed genes in peripheral blood mononuclear cells (PBMCs) in response to human epididymis protein 4 (HE4). 
